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Phase Equilibrium Relations in the Sc,0:-Ga.O; System
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The phase equilibeiom disprar was datermloed for the Syl Gaylhy ayatem. A guench-
ing furnace, wound with 60 percent Pt—da0 t Bh wire, wad employed for expariments
conducted at temperatures up to LB #C,  An induetion furnacs, having ao iridigm crueible
puaceptor, wae used to obtain higher temperaturen. Temperatires in the guenching furosce
were measured with beth an optical pyrometer and = B9 percent Pl—0 percant VErsus
B0 percent Pt—20 percent Rh thermotouple. The meltiog point of GaAY was determined
as 1,795 £15 Q.  Experiments &t temperatures as high as 2,406 ° failed to melt S,
Two iotermediate hinary phases, 8 compound believed o be @304 6Gah and & solid
aolution ocour in the system. The solid solution phase Rppesre as & single phase in the
region roughly defined by the eomopositional limite of 55 to 73 mole percent GezOy st the
aolidus. The 6:5 compound, astable cnly at high temperatures, meis incoogruently et
1,770 +£15 *C and decomposzes below 1,700 =+ 15 *C. The compound sppesrs to have
orthorbombie aymmetry with ¢e=13.85 A, =980 A, and =958 A. The indicated un-

gartaintlea 1o the melting points are a congervative eatimate of the overall inaccuraciea.

1. Introduction

A recent publication by Schneider, Roth, and
Waring [1] outlined the general subsclidus phase
relations for hinary combinations of oxides of the
trivalent cations, The paper waes intended to
provide a baeia for eubsequent detailed phasa aguilib-
rium siudies of systems which might be repre-
sentative of & particular group of systems.  As patt
of i weries afp hinary systems selected for study
from those delineated in the pravious work, the
present investigation reports the phase equilibrium
relations in the Sc;0Cha 0y syetem.

Scandium sesquioxida (gsczﬂa} 15 cubic with
¢=95845 A [2] and has the C-type rare earth oxide
strueture (FLO»), It has no known polymorphs.

The melting point of S¢0; has not been previously
reported although it wes estimated to be about
2,300 °C [3].

Several PI-:.rl:,rmor hi¢ forme of (3a.0) are known to
exist [4]. The only steble modification, cormmonly
referred to as beta gallia, is monoclinic with =12.23
A, b=3.04 A, e=580 A, and 8=103.7° [5]. Gold-
schmidt and coworkers [6] estimated the melting

int of Gusy to be approximately 1,900 °C. Von

artenberg and HReuech [7] reported a walue of
1,740 *C. ‘The latest melting point determination
on Gay was that of Hill, gRoy, and Osborn [S8]
who reported 1,725 15 °C.

2, Matarials
The stariing materials used i this study were
found by general qualitative spectrochemical anal-

¥si2 7 t0 have the following impurities:

1 Figures in brackets Indionts the lierators referenoes st the end of thls paper.
¥ The :"Dnctmc‘nmimﬂ wnalyses were performed byt the Bpectrocheimliboy
Becton of the Natonsl Bureau of Biatidords.
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Se0,—Y present in amounts less than 1.0 percent,
La, Mn, 5i, Yh, and Zr: sach present in
amounts lesa than (.1 percent. Al, Ca,
Cr, Cu, ¥a, Mg, and Pb; each present in
amounts less then 0.G1 percant. present
in wmounts leas than 0.001 percent.

(Gas0;—Al and Si; each presant in amounts less
than 0.01 percent. Ca, Cu, Fe, Mg, Ni
Pb, snd Sno; present in amounts less than
0.001 percent. Ag present in amounia lesa
than 0.000) percent.

3. Apparatus and Test Methods

A zpecially designed quenching furnace as well
a8 an induction furbace were used in the present
study. The quenching furnace is of intereat be-
couse of ita smtability for extended use at tempera-
fures up to 1,800 °UF It consisted essentinllly of
two concentric aluming tubes eneaged in & “Transite™
framework and insulated with alumins grain. The
inper tube (o.d.—¥% in., 24 in. long) and the outer
tube (0.d.—2 in., 17 in. long) wera wound nine turns
per inch with 20 gage, 60 percent P1—40 percent Rh
wire, and 20 gﬂg:-, 30 percent Pt-20 percent Rh wire
respectively. parate poOwer SOUrces wWera used
wit% each of the twe¢ windings. The power to the
outer winding (booster) was eupplied from & variable
transformer, No attempt was made to contrel the
temperature of the hooster other than with approx-
mate sebti of the trapsformer. An a-c l?ridga
type controller [10] in which the furnece windin
was one arm of the bridge was used to obtain an
control the temperaturs of the inner winding, As
indicated by the thermocouple, temperatures in the
hot az(ﬂjua of the furnace were ily controiled to
+3 °C.

» A.llﬁmhad taropuniturss rafary
nat

0 tha presank work ars Eim‘ pa the Inter
gl Practical ‘Temparstdr By [9].
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The sperinan was placed i & smell {(o.d —3 mm,
i.d.—2.6 mm, ¥ in, long) 30 percent Pt—20 percent
Eh tube which in turn was suspended from the
auenching hooks in the hot zone of the inner tube by
0.005 in. diam 60 percent Pt—40 percent Rh wire.
The hooks were mnﬁa from 20 gage 60 pereent Pt—d0
percent Rh wire. A 90 percent Pi—10 percent Bh
versus 104 percent Pt Ltherrnocouple was need te meas-
urs temperaturea below 1,650 °C.  For measuremenls
between 1,650 and 1,800 ', beth a 95 perceni
Pt—5 percent Rh versus 80 percent Pt—20 percent
Eh thermocouple and an optical pyromeier were
used. It i noteworthy that it was necessary to
shield the thermocouple with 90 percent Pt—10
peteent Rh fofl in order to reduce the pickup of
indyced em! st high tem tures. Even when ihe
ghielding was ndequaiely groundoed, the use of
electronic equipment to tecord the cutput of the
thermocouple was impossible. To overcome this

blem, & high precision potentiometer and spog-
ﬁ;fm gafva.uome-ter were employed to messure the

d-¢ emf of the thermocouple.
The optical pyrometer was sighied through a
calibrated 45° gless prism using the bottom of the

quenching hook-thermocouple assembly as the tar-

t. The platinum alloy tube could not be seen aind
Ei‘:ua approximate blackbody conditions probably
prevailed,  In every imstance, the thertnecouple and
pyrometer values agreed to within 10 °C,

The essential features and characteristics of the
induction furnace wsed in this werk has been pre-
viously described [11]. In essence, the indection
furnace simply consisted of sn iridium crucible and
cover which acted as the pusceptor. The crucible
with cover had the following overall neminal dimen-
sions: height—% in., 0.d—Js in., and wall thick-
ness—% m. A small fragment of a sintered pellet
was placed on & small iridium button which in turn
was set inside the crueible.  Temiperatures wars con-
trolled manually and were measured with an eptical
pyrometer sighted through a calibrated 45° glass
prism and the ¥ in. diam hele in the ¢rucible cover,
As verified by calibration data, blackbody conditions
wara apperenily obtained.

The temperature measuring systems of heth the
quenching furnace and the induction furnace were
frequentiy calibrated againat the melting points of
Au (1,063 °C), Pd (1,552 °C), and Pt (1,768 °C)3
In wddition, the measuring system of the nduction
farnice was also caﬁbmtﬁagainst the melting point
of Bh {1,960 °C). ‘Tempersiures moasured in either
furnace were congidered to be acevrate to af least
+8& *C below 1,650 °C and +15° above. Precision
of the messurerments wers better ithan +5 °C.

Sperimens were prepared from either 0.76 or 1 g
batches of various combinations of Sc0; and Ga.(),.
Calenlated amounts of each oxide, corrected for
ignition loss at 1,000 °C, were mechanically mixed,
pressad at 10,000 [b/in.® into a % ih. dism pellet and
fired om Pt foil at 1,350 °C & minimum of 6 hr. The
specimens Were then ground in an ageto mortar,
remixed, agein pressed mto pellets and fired at]l 600

] Thi paarity af the metaly sl for collbrathon parposes was etter than 90,8
pertenl.

°C For 12 hr. The pellets, without regrinding, were
again fired at 1,650 °C & minimur of 12 hr and in
some cases ad long as 30 Lo,

Subsolidus as well as some melting point data were
ohbtained by the familiar quenc%hi.ng technique.
Following the preliminary heat treatments, the
speciiiens wata ground, placed in the platinum alloy
tubes and fired at varioys temperatures for diffarent
periods of time in the quenching fornsee. Tho tube
containing the specimen was quenched into ice watar
and then examined hy X-ray diffraction at room
femuperature Using A iigh—amgle recording Geiger-
countet diffractometer and Ni-filterad Cu radiation,
Equilibrium was assutoed to have been attained when
the X-ray pattern showed no chenge after successive
heat treatments of a specimen or when the data were
consistent with the resulta from a previous sct of
axperimenta.

Solidus temperatures wera established using hoth
the platinum  alloy quenching furnace and the
iridium crucible induetion furnace. Because of the
tempersture limitationa of the guenching furnace,
melting points above 1,300 “C were determined
exclusively with the induction unit. However,
below 1,800 °C, some duplicate determinntions were
porformed in cach of the furnaces,

Bolidus temperaturez were determivned by wisual
obzervation of quenched or rapidly eooled specimens
which had been held at a given temperature approxi-
mately 30 to 60 sec. Powdered samples in platinum
alloy tubes were used with the quenching furnace
determinations while small (ragments of & sintered
pallet sot directly on the iridium button were used
a4 test speeimens in the indoetion furnaes.  Melting
of the specimen waa indicated by a combination of
evidence. A partially or completely melted speci-
men characieristically slumped very slightly and
mvariably adhered to the =ide of the platinum alloy
tube or indium button, In addition, the specimen
had & {ransluocent, paarly to clear appearance.
Solidus temperatures, as recorded, are estimated to
ba accurate to £ 15 °C.

Liguidus temperatures were practically itnpossible
to determine becanse of the hiph viseosity of the
liquid phase. Tn essence, the phyeieal appearance
of a partially melted specimen did not differ appre-
ciably from that of a completely melted sample.
X-ruy patterna of melted specimens were extreinely
diffusa” and diffcult to interpret. A  econsistent
correlation between the degree of melting and the
X-ray pattern of a apecimen could not be made.

4. Results and Discussion

The equilibrivm phase diagram for a major portion
of the S00,-Ga(), system is piven in figure 1. Tt
wis constructed from the data listed in tables 1 and
2. The solid circles represent the compositions and
temiperatures of experiments conducted i the
quench furnace. Open cireles indicates those studied
in the mdoction unit, Triangles rapresent the
houndary limits of solid solution areas as determined
by the parametric method [12]. The liquidus curve
given in the figure s considered to be a reascnable
eatimate of the truc liquidus,
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Because of the temperaturg limitations of the
aquipment, only the melting point of Ga;(0: eould
ko establishad. Tha melting point of Se.0; haa bean
estimated o be helween the meliing points of Be(
and Al;O, about 2,300 °C [3]. However, al! attempts
to melt S’l}gﬂ: in the present work at temperatures
ag high as 2405 °C proved unsuccessful. The
melting pomb of Gas0)y, was determived to he 1,785
415 %0, This valus compares rather unfavorably
with the 1,725 415 °C value reportad by Hill, Roy,
and Osborn [8]. The determinstion of Hill et al. [#),
wna made on & strip furnace which is genmerally
subjected to considarable random errora. ’f‘c- verify
that the melting point of Ga0y was at least above
1,760 °C, the melting point platinum, a small
plece of Pt ribbon was lmhﬁd(i)ﬂd in pure Ga;0s
aid heated in the quench fummace toe 1,775 °C.
Upen exsmination, the platinum nblon was com-
p]:lt-ely melted while the Ga,0)y showed no signs of
melting.

= Apaclmen quenched.

Two intermediate binary phases oecur in the
B0y Ga,0y syetem. The first, a compound be-
lisved to be 63e¢i),-5Ga0;, meltz incongruently at
1,770 +15 %, The compound has a faidy nerrow
r?on of temperature stahility, decomposing to two
golid phases at 1,700 +£15 *°C. The compound could
anly be formed in appreciahble amounts after heating
appropricte compositions for at least 10 hr at
temperaiures betwsen 1,760 *C and ita melting

int. 1t was necssenry to guench the specitnens
rom these temperatures in order to retain the phase
&t room termrparature. Blow or even ra%id sooling
resulted in decomposition of the phese. Even thess
long fime heats, a Tew degrees helow the melting
point, failed to produce completely single phase
specimens. Due to either tha insbility to cbtain
eq}uﬂibrium or t¢ the failure to completely “quench
in" tha compound, rezidual amounts of other phases
persisted.  Pogsible sompositions of the compound
conzidered most likely were the Sc04:Ga 0y molar




atios of 5:4, 615, and 7:6 with tha 6:5 ratio most
probable. X-ray patterns of the thres possible
compositions indicated that the compound formed
in the greatest amownts relafive to the minor phases
at the 65c0,:5Ga,0; ecomposition. It should be
emphngized that the line in tha phase diagram
{fig. 1) representing the compound is dnshed not
because of uncertainty m the existenee of the
compound but becauze of uncertainty in ifs exact
compozifion,

A litersture search did not revesl any other
compound or golid solution in binary eombinations
of trivalent oxides which were isostructoral with the
6:5 compound. A comparison of the X-my pattern
of the 6:5 compound with thst of B¢, indicated
that, because of similar positions and intensities of
major reflections, a similarity in structure might
exiat. The X-ray pattern of the 6:5 eompound,

iven in table 3, was mdexed oh an grthorhombie

is with @a=13.85 A, §=9.80 A, and ¢=9.58 A.
Thers is generally fair agreement between observed
and calcu%ated 1/ values. If the indexing given in
table 3 represents the true indexing, the structure of
the é:5 compouwnd apparently is so orthorhombic
distortion of the cubic C-type structura where
a(f:5)x +/2a(3e,0,).

TasLy 3. X-ray diffraction pawder dofo
Jor BSeyh: 3Ga08 (CuKo radiation)
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The X-ray pattern of the second intermediate
binary phase found in the system has been previously
reported by Schneider, Roth, and Waring [1]. It s
& solid solution and may possibly have a structure
gimilar t¢ kappa alumina, & metastable polymorph
of Al.0O; [1]. Eﬁle X-ray pettern of this solid solution
phase could not be indexed, so that verifieation of
its possible kappa alumina-like-structure eould not
be obtained. This phase (labeled T, in fiz. 1)
occurs in the 3e0yGa,0: syatem from about 55 to
73 mole percent (ad; at the solidua. Solidus
temperalures in this region ranged between approxi-
mately 1,764 and 1,705 %,  The compositional arca
of stability decreases at lower temperatures, finaliy
pinching out with a minimum &t about 61.5 mole
percent GOy and 1,440 *C. An expanded view of
the minimuam is given in the ineet of fgure 1.

The remainder of the sg‘stcm iz comprized of solid
solutions of the end memnber oxides as well as nppro-
priste two phase arens. Solid sclution of Geayd; in
ey (C-iype siructure) oceurs {rom 0 to about 21
mole percent (a0, at the solidus.  Solidus tempera-
tures in this aren cxtend frem tho melting poict of
By funkoown) to 1,770 °C, the incongroent melt-
ing point of the 8:5 compouynd, The amount of
Scy(y solid eolution decreases to about 15 mole per-
cent Gag0y at 1,300 °C.

X-roy patterns of gpecimens having compositions
and heat trestments generally corresponding to the
Sy ey +17,, region (Ag. 1} characteristically ahowed
one, sometimes two diffraction paake (d=2.7216 A,
d=24212 A} which normally are not associated with
those of the primary phases. The exirancous peaks
wera seamingly not related to experiments]l proce-
dure; that is, longer heat treatment nor guenching
or slow cooling of the specimens chan e[él the in-
tensities of the peaks. Furthermore, if the reflec-
tions represenied a irue equilibrivm phase, they
would follow the lever rule principle, ineressing or
decreasing with cotnposition. This was not the casae
however. At present, the only possible expisnation
ia that the saxtransous refloctions indicata the pres-
ence of gome unidentified metastahle phasze.

Soiid eoluticn of Se) in Gaddy (beta-gallia
structure type} occurs from about 82 to 100 mole
percent Gn:& at the solidus. ‘The solidus tempera-
tures vary between 1,705 °C, the eutectic tempara-
ture, and 1,785 °C, the meclting point of Ga,0.
Contrary to normal expectations, the amouni of
(0, s0lid aclation incraases af lower ternperatures,
cxtending to approximately 56 mole percent Ga,O,
at. 1,405 “C, 'Fhe unit cell dimensions of Gay
aolid eolution at about 58 mole percent Ga(yn and
1,405 °C wera g=12.70 A, =3.16 A, ¢=592 A and
£=1021% in contrast fto pure Gag0; where a=
1223 A, 3=3.04, ¢=5.80 4, sand #=1203.9° [5]. This
large change in the cell dimensions of pure Ga,
due to solid solution resulted in the separation of
normally unresolved X-ray diffraction peaks. In-
sofar 4z can be determined, the unit call dimensiens
for the Gag0y eolid solufion are the ] st thus
far reported for a phase having the beta, gallia struc-
turs type.
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Specimens which normally should have con-
tained only two phases U]:;+Gﬂgﬂm, generally
contained, upon slow cooling, an additional phase.
This third phase was identified as GaiOj,, but
having different wnit cell dimensions than the true
equilibrium Gag0;,, phase. This phenomena of
differential exsclution was common for specimens
high in Ga,0p content which had been slow coolad
in the preliminary calcinations. To obtain the
true equilibrium phases it was necessary to rely
on the reaulte obtained only frorm quenched specimens.

The exact compositions of the peritectic and
eutectic points which occur in the syatem could not
be determined accurately becaunse of the inahility
to obtain completa liquidus dats.

5. Summary

The equilibrium phase disgram for a major por-
tion of the Se,0.-Galh system was determined from
a study of solid state reactions amd melting point
relations. A specially designed platioum alloy
quenching furnace was employed for subsolidus
and meliing peint experiments conducted helow
1,200 *C, A 95 percent Pt-5 percent Eh versus
80 percent Pt-20 percent Rh thermocouple and an
optical pyrometer were used to measure tempera-
tures between 1,660 and 1,800 "C. An induetively
heated iridinm ¢rucikle vwas used for the determina-
tion of solidus and liquidus temiperatures above
1,500 °C., Phases were identified by cxamination
of X-ray diffraction patterns,

The melting point of Gagd; was found to be
1,785 +15 ®°C. The indicated uncertainty in the
malting point is & conservative estimate of the over-
all inaceuracy. The melting fpuint- of S0, could
not be determined becauvse of temperature Hmita-
tionz of the equipment. However, it does not melt
below 2,405 °C, the highest temperature atiained
in the present study.

a5

Twe intermediate binary phases wera formed in
the aystem. The firet, a compound of approximatel
6:5 molar ratic, melts incengruently at 1,770 “g
and decomposzes below 1,700 °C. Its X-ray pattern
was indexed on the basis of an orthorhombie eell
with a=13.55 A, b=080 A, ¢=958 A. This cell
appears to ba related to that of S0 with @ {6:5)
=2 ¢ (Jci;). The second binary phase, s solid
solution, exists from about 55 to 73 mole percent
Ga;0, at the solidus. The compositional range of
stability decreases at lower temperatures, pinchin
out with a minimum at 61 mole percent {l}azﬂa an
1,440 *C. The X-ray pattern of the solid solution
phase sould net be indexed.
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